Light guides have been widely used for transforming line sources into planar illuminators for lighting and display applications. Solid light guides provide good uniformity but still have the issues of heavy weight and material absorption, especially for large applications. Hollow light guides solve the problem of weight, but the uniformity is relatively poor or efficiency could be sacrificed for enhancing uniformity. In this paper, a hollow light guide with edge-lit LED sources has been proposed to simultaneously resolve the issues of weight, uniformity, and efficiency. The major approach is to modulate the LED luminous intensity profile by a ring of parabolic surface with continuously varied focal length. The modulated light emitting profile directly makes up sufficient uniformity on the planar surface, and extra components are not required. The prototype is a circular planar illuminator with a diameter of 178 mm and a weight of 240 g. The experiment shows an overall efficiency of 82.37%, with a uniformity of 83.7%. The weight of the whole module is 40% lighter than that of a solid light guide with the same size.
INTRODUCTION
Light emitting diodes (LEDs) have become the main light sources for backlight of liquid crystal displays (LCDs) and lighting devices. Using LED backlights over conventional fluorescent lamps, such as low power consumption, flexible form factors and eco-friendliness [1, 2] , has many advantages. Various approaches to extract light from backlight units have been proposed [3] [4] [5] . Similar planar illuminators for a backlight can be used for lighting. Recently, a new LED lighting product, called flat panel light, has been proposed and applied in general lighting. Current planar illuminators are usually designed by using the edge-lit backlight concept, which includes LED, light guide, brightness enhancement film (BEF), diffusion film, reflector film, etc. [6] . The other concept is direct-type backlight, which has also been popular, but the thickness is normally larger.
Traditional architecture of a backlight module employs many films, which could be the source of efficiency loss and also add weight to the whole module. Therefore, several structures of a hollow light guide have been proposed. The major issue in a hollow light guide becomes uniformity because the reflectors to be used normally do not have the property of partial transmission. The corresponding solutions could be multiple LEDs with varied projection distances to a reflective surface with a microstructure [7] , a diffuser plate on the top of a light box as the outlet window with the property of partial reflection and transmission [8, 9] , multiple LEDs with different angle of emission toward a common reflector [10] , or a lens element at the outlet of the hollow light guide [11] . The highest efficiency achievable with those approaches so far is around 80% [12] . In addition, thickness of the devices is difficult to reduce because multiple reflections in the light guide is not quite available in the hollow structure. In this paper, the architecture of a hollow light guide that exploits multiple LEDs has been proposed, and the uniformity strategy is put on the modulation of the LED emission profile. Together, with a proper spatial arrangement of the LED, the uniformity can be achieved with direct reflection from a simple planar reflector, hence achieving high efficiency with thin structure size. Figure 1 shows the comparison between the structure of a traditional solid light guide for thin plane downlight and that of the proposed hollow light guide design for general lighting, both using LEDs as the light sources. In traditional architecture, there are a light guide plate, reflector, dot pattern, and several optical films in the light path, whereas all these components and films have been removed in the proposed hollow structure, though retaining the reflector film.
OPTICAL DESIGN OF HOLLOW LIGHT GUIDE WITH LED SOURCES

A. Optical Model of Hollow Light Guide
The target for realizing the proposed hollow light guide is a circular downlight with a 7 in. diameter (178 mm), as shown in Fig. 2 . The hollow light guide model is shown in Fig. 3 , which includes an LED light source, lens on LED, and housing and reflector. The detector in Fig. 3 is only an observation plane in ray tracing simulation but not a real entity. The LED used in the downlight is a LUXEON 3020 L130-2780002011001 [13] ; its luminous intensity profile is shown in Fig. 4 . Table 1 lists the surface characteristics and materials of all the components in the downlight for simulation.
B. Ray Tracing Simulation of the Hollow Light Guide
Ray tracing simulation has been performed with TracePro. The design procedure starts from checking the uniformity and efficiency on the reflector with different emission angles of the LED in order to find out the optimal luminous intensity pattern for the LED module. The range of emission angle at FWHM of the LED for investigation is 10-120 deg; the 3D module for simulation is shown in Fig. 5 . The emission pattern for different FWHM diverging angles is shown in Fig. 6 . Table 2 lists the simulated uniformity and efficiency at the detector with different emission angles of the LED, where the uniformity is defined in Eq. (1) [14]. The result shows that the best uniformity and efficiency occur at 34 deg of the FWHM emission angle.
Uniformity 100% minimum maximum .
The efficiency is calculated with the total flux of the LED source as the reference. The uniformity of the detector and the angular profile of the LED for 34 deg are shown in Figs. 7  and 8 , respectively.
C. Collimation Lens Design and Optimization
With the results shown in Table 2 , a lens element to make the emission profile of the LED have an FWHM diverging angle of 34 deg is required. For an ideal point light source located at the focal point of a parabola, the emerging ray can be fully collimated. The diverging angle can then be adjusted by shifting the point source away from the focal point. In order to manipulate the angular emission profile at the same time, a compound parabolic surface with three segments of different focal lengths has been adopted. The central part of the emission is manipulated with a cylindrical lens surface, as shown in Fig. 9 . More segmentation can make finer manipulation of the angular emission profile. Equation (2) shows the relationship between the focal length (FL) and Y coordinate of the compound parabolic surface, and Fig. 10 shows the plot of the relationship. Only three segments have been used for the consideration on fabrication:
Values of the coefficients in Eq. (2) are listed in Table 3 . Fig. 11 . Ray path through the V cut in the horizontal plane. For the LED emission in the horizontal plane, a V-cut microstructure has been proposed for collimating the rays. The ray path is illustrated in Fig. 11 in which the θ v is the vertex angle of the V cut.
By fixing the setting in the vertical plane, the diverging angle in the horizontal plane and the efficiency have been checked with an θ v value from 60 to 120 deg; the simulation results without a diffuser plate are shown in Table 4 . It indicates that θ v at 90 deg demonstrates the closest vertical diverging angle of 34 deg, hence the best uniformity. The overall efficiency is less 
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than that at 100 and 120 deg of θ v , but not much less. The θ v of 90 deg is chosen (the angular distribution in horizontal and vertical plane is shown in Fig. 12 ).
For the full light path ray tracing without diffuser, the angular distribution at the outlet (i.e., the top surface) can be illustrated with the polar plot of luminous intensity distribution, as shown in Fig. 13 .
The illuminance distribution with diffuser plate is shown in Fig. 14 , and the polar plot of the emitting light from the diffuser is shown in Fig. 15 . The uniformity is 82.9% and overall efficiency is 80.6%. The measured luminous intensity distribution without diffuser plate is shown in Fig. 17 and is similar to the simulation result shown in Fig. 13 .
EXPERIMENT ON THE PROTOTYPE
The luminous intensity distribution measured with a diffuser plate is shown in Fig. 18 and is also similar to the simulation result shown in Fig. 15 . Figure 19 shows all the components of the hollow light guide, and Fig. 20 shows the illumination pattern when the downlight module is turned on.
For uniformity evaluation, 7 points on the downlight module shown in Fig. 21 have been chosen for measurement (the result is listed in Table 5 ). The uniformity is 83.7%.
In addition, an integrating sphere has been used for efficiency evaluation (the results are shown in Table 6 ). Efficiency of the downlight module is 82.4%. Table 7 lists several data for the comparison between simulation and measurement.
CONCLUSION
A 6 in. diameter downlight module has been developed by using a hollow light guide with a dedicated collimation lens array in front of the LED source to achieve high uniformity with a thin structure thickness. The prototype demonstrates an efficiency of 82.4% and a uniformity of 83.7%. The weight of the whole module is 240 g, which is a roughly 40% reduction from that removed in the solid light guide. In addition, the thickness is smaller than 10 mm, which is only one third of that of most hollow light guide structures. The combination of those indices shows that the proposed architecture is feasible as a compact, lightweight, and high-efficiency solution for lighting applications.
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